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Abstract. A formalism is developed for the partial wave analysis of data on meson photoproduction off 
deuterons and applied to photoproduction of r\ and tv° mesons. Different interpretations of a dip-bump 
structure of the n photoproduction cross section in the 1670 MeV region are presented and discussed. 
Helicity amplitudes for two low-mass S\\ states are determined. 

PACS. 11.80.Et Partial-wave analysis - 13.30.-a Decays of baryons - 13.40.-f Electromagnetic processes 
and properties - 14.20.Gk Baryon resonances with S=0 
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1 Introduction 

The cross section for photoproduction of rj mesons off pro- 
tons is dominated by the AT(1535)Su resonance, other res- 
onances make only minor contributions. In particular the 
N(1650)Sn resonance, which one would naively expect to 
contribute to r\ photoproduction in a similar strength as 
Af(1535)>Sii, is hardly visible in the total cross section. 
There are two explanations why iV(1650)Sii is so much 
suppressed compared to -/V(1535)5ii: the A^(1650)Sii — > 
Nrj decay branching fraction is much smaller than that 
for A(1535)5n decays, and the N(1650)Sn photopro- 
duction cross section seems to be suppressed compared 
to A(1535)5n photoproduction. 

The large ^(1535)511 — > Nn coupling found different 
interpretations by Isgur and Karl pQ, by Weise and col- 
laborators 2J and by Glozman and Riska [3J. In pQ, the 
two quark-model Sn states with s = 1/2 and s = 3/2, 
respectively, have appreciable mixing (with a mixing an- 
gle of —31°). A phenomenological fit to baryon decays 
had given precisely this value [4]. For this mixing angle, 
AT(1650)5u decouples from Nr] decays while N(1535)S n 
has a strong coupling to Nrj. In [2], Nn and EK photo- 
production were described by the dynamics of the cou- 
pled SK — p?7-system; no genuine 3-quark resonance was 
required in their model. In [3], the iV(1535)5n is a con- 
ventional 3-quark state; one-pion exchange was assumed 
to make an essential contribution to quark-quark inter- 
actions. Clustering of the baryonic wave functions into 
quarks and diquarks then led to the strong selectivity of 
the iV(1535)5u -> Nn coupling. 
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The Moorhouse rule [5] gives a second reason for the 
small rj photoproduction cross section off protons. This 
selection rule forbids photo-excitations off protons of spin 
3/2 members of the lowest-mass [70, 1~] super- multiple t 
of nucleon resonances. The Moorhouse rule forbids only 
transitions to the [70, 4 8] component of the N(1650)Sn. 
Burkert et al. [6] analyzed the existing photo- and electro- 
production data and extracted transition amplitudes for 
transitions from the nucleon ground state to the [70, 1~] 
super- multiplet. The - scarce - data on electro-production 
off neutrons were not used; due to their large errors, the 
data at the photo-point hardly constrained their analysis. 

Recently, photoproduction of n mesons off neutrons 
has attracted additional interest. A narrow structure at 
1.67 GeV was observed which was not easily understood 
in terms of known nucleon excitations. It was first reported 
by the GRAAL collaboration at NSTAR2004 [7j and in- 
terpreted as narrow resonance by part of the authors [8 , 9 J . 
The bump-like structure in the nr\ invariant mass distri- 
bution is not seen in the cross section on the proton even 
though a reanalysis of the GRAAL data [10] indicated the 
possibility of a bump structure at 1.69 GeV also for pro- 
ton data. This structure was suggested to signal the exis- 
tence of a relatively narrow (M w 1.68 GeV, T < 30 MeV) 
baryon state. In particular the possibility that the state 
is the non-strange member of an anti-decuplct of pen- 
taquarks [TTl[l"2"l[T3"] is an attractive possibility. The bump 
structure in the nrj invariant mass spectrum was confirmed 
by the CB-ELSA/TAPS pl| and LEPS [H] collabora- 
tions. 

Different interpretations have been offered as origin of 
this structure. Choi et al. [TB] use three known nucleon res- 
onances, iV(1535)5u, AT(1650)5u A(1710)Pn, andanar- 
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row state at 1675 MeV which they discuss as pentaquark 
AT(1675)Pn. Vector meson exchange in the t channel was 
used as a background amplitude. 

The Giessen group arrives at different conclusions [17] . 
Within their unitary coupled-channels effective Lagrangian 
approach, the cross section of 77 photoproduction on the 
neutron was fully described. The peak at v / i=1.66 GeV 
was explained as coupled-channel effect due to iV(1650)5n 
and iV(1710)Pii resonance excitations. No narrow reso- 
nance was required. 

The analysis of Fix et al. |18] required, in addition to 
the conventional ingredients of the MAID model, a narrow 
state which was assumed to have P\i quantum numbers. 

In this paper, we present a partial wave analysis of the 
recent data of the CB-ELSA/TAPS collaboration [19] on 
7<i — > Pspectator^T?- In view of the long-standing discrep- 
ancies between the photo-production amplitude A™^ 2 for 

A/"(1535)S U production (A" /2 = -0.020 ± 0.035 GeV" 1 / 2 



fror 







/2 

= -0.100± 0.030 GeV~ 1//2 from 



Dm 772 — > rnr" [20]; A™^ 2 

771 — > nrj j21j). it seems adequate to include some older 
data on 771 — * nir°, but we also include recent data from 
GRAAL on the beam asymmetry for 771 — > nrj 122] and 
■yn — > mr° [53]. In addition, we use data on photoproduc- 
tion of 27T°, tt°t] and of hyperons as well as some partial- 
wave amplitudes from elastic 7rA^ scattering and data on 
Ti~p — > p2n°. A survey of the data used in the fits, of the 
partial wave analysis method and of recent results can be 
found elsewhere [24|f25^f26^f27lf28] . 

The paper is organized as follows: after this introduc- 
tion we present, in section [21 how the Fermi motion of 
the neutron in the deuteron is treated. Reasonable consis- 
tency is found for the jp — > pi] cross sections for protons 
bound in deuterons - folded with the Fermi momentum 
distribution - with the cross sections measured on free 
protons. The success encouraged us to perform a partial 
wave analysis for the part of the data where the proton 
acts as a spectator. The fits and the results are presented 
in section 3. The paper ends with a short summary and 
our conclusions (section 4). 



2 Fermi motion 



Experimentally, the cross section for rj meson photopro- 
duction off deuterons is measured. The deuteron is at rest 
in the laboratory system, the neutron not. It has had, at 
the moment of the interaction, the same (but opposite) 
momentum as the proton. A cut in the missing momen- 
tum of the (undetected) proton selects events in which the 
proton acted as spectator. 

There are two approaches to fit data. First, one could 
unfold the experimentally observed cross section to deter- 
mine the cross section for a neutron target. This data can 
then be fitted. Alternatively, the calculated cross section 
can be folded with the neutron momentum. In this way, 
adopted here, the fitted cross section can be compared 
directly to the measured quantities. 



The differential cross section for production of n par- 
ticles in the photon nucleon interaction has the form 



da 



7 AT 



(2tt) 4 |^ 



■.d$ n (P, qi ,...,q n ) (1) 



where fa and are the four-momenta and masses of the 
initial particles, P is the total momentum (P = fa + fe) 
and qi are the four-momenta of final state particles. The 
d<P n {P, qi, . . . , q n ) is the n-body phase volume 



^„(p, 91 , . . . , g „) = <$ 4 (p - x>) n 



d 3 C 



11 {2nf2q 0l 



(2) 



where qoi are the energy components. 

In the case of meson photoproduction off nucleons bound 
in a deuteron, the cross section (fT]) should be integrated 
over its momentum: 



da lD = Jd\p N \ |paH 2 / 2 (|pjv 



dz N d(/> N (2tt) 4 |A| 5 



d$ n (fa +Pn,Qi, •>-,Qn) , (3) 

where pn is the momentum of the nucleon, zjv = cosOn, 
and where dz^dipN forms the solid angle element of the 
nucleon in the laboratory system. The function /(Pjv) de- 
scribes the momentum distribution of the nucleon inside 
the deuteron. It can be chosen in the form of the Paris 
[2"9"] or Gatchina wave function [3D]. 

The spectator nucleon in the "fd interaction has the 
momentum p s = — p^ in the lab system (deuteron at rest) 
and is on shell. Therefore the energy of the interacting 
particle is given by 



E 



N 



(4) 



where Md is the deuteron mass and m s is the mass of the 
spectator nucleon. The off shell mass squared (t) of the 
interacting nucleon and the total energy squared in the 
jN interaction Stot(t) are equal to 



t = E 



N 



Stot(t) = t + 2P 7 (Wp 2 r + t- \pn\zn 



A major problem in this approach is to relate the off- 
shell amplitude of the interacting particles with measur- 
able on-shell distributions. It can be shown [21] that the 
best description is achieved under the assumption 



o{stot(t),t) = a(s to t{m 2 N ),rn 2 N ) 

o"(s tot (t),t) = for s tot {t) < (m N + m I( ) 2 



(5) 



Due to relation ([5]), all further calculations can be per- 
formed for an on-shell nucleon. The components of the 
initial 4-vectors in the lab system are defined as 

Pn = (pqn,PxN,P v n,Pzn) fa = (E^,0,Q,E^) 
PxN = I Pat I sin (9 at cos 0at, p zN = \p N \z N 



P v n = I Pn I sin O n sin <f> N , p aN = 



'n 



-Pn (6) 
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where mjv is nucleon mass and momentum of the photon 
ki is directed along z-axis. 

In the case of single-meson photoproduction, the am- 
plitude depends on the total energy of the 7^ system and 
the angle between the initial photon and the final meson 
calculated in the center of mass system (cms) of the re- 
action. Differential cross sections are usually given in the 
center of mass system of the photon and the hit nucleon. 
We will call this system as "data" system. Let us calculate 
the momentum of the particles and scattering angles in the 
laboratory system, in the cms and the "data" system. 

The total energy squared (which is an invariant value) 
can be calculated, for example, in the laboratory system: 

stot = [h +pn) 2 = m% + 2E- f (p QN - \p N \z N ). (7) 



Then in cms of the reaction: 



qf ms k 



cms 
1 



|qf ms ||kf 



1*41 ll K l 



cms 
llO 



Stot 



'N 



2-v/ Stot 



Lcms 
ft 10 



Stot 



rn 



N 



2\/Sto~t 



|qr s l = \A?uT) 2 -™?, \K ms \ = k 



cms 
10 



(8) 



Here, q\ is the 4-momentum of the final meson with mass 
mi . The invariant quantity (qi k± ) can be calculated in any 
system (e.g. the "data" system). 

To define the photon 4-vector in the "data" system let 
us calculate the invariant (hi Peg), where P e ff is the sum 
of photon and nucleon momenta, in both the laboratory 
system and in the "data" system. 

Plf f = (m N + E 1 , 0, 0, , k[ ab = (E 7 , 0, 0, E 7 ) 

p efT = (v^77> o> °» °)» k t ata = ( E 7>°> °. E i) ■ ( 9 ) 

Comparing this invariant in the two systems we obtain 
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E™ = 



eff=m N + 2m N E 1 (10) 



V^77 

Then the invariant (fcigi) in the "data" system is equal to 
itinE^ 



V^Jf 

In this equation, q is the laboratory momentum of the 
meson. As a result, we can express all variables in terms 
of measured values; needed are - in the "data" system - the 
photon energy E 1 and z, the cosine of the angle between 
meson and photon. 

Our next task is to define the initial nucleon momen- 
tum in the "data" system. Then: 

Pn = (Pon,PxN,P v n,p7n) 

PoNtn N + E 1 (p 0N - p zN ) 



Pon 



pTn = Pon ~ (pon - Pzn) 



m N 



(12) 



The transition from the lab system to the "data" system 
is performed via a boost along the z-axis, so " x" and " y" 
components of 4-vector are not changed. The equations 
for p™ N and p™ N can be obtained from the invariance of 
the scalar products (jp^Peff) and (pjvfei) calculated in the 
lab and "data" systems. 

Now one can calculate the phase volume for the meson- 
nucleon final state in the "data" system: 

dw+ris, <&, «.) = 6{p ° m ~Z~ g02) Al as) 



4(27r) 6 gi g 2 o 



where 



9oi 

pm 



qo2 



N 



(pgV + E™,p xN ,p yN ,p™ N + E™) 



(14) 



and mi is the mass of the final meson. 

From energy conservation, the absolute value of the 
meson momentum in the "data" system is calculated to 



|q| = 

where 



27^| pro I + P™^Z 2 -m\ [(P™) 2 



(p;) 2 - ip^p^ 



£ = -^{stot + m\- m 2 N ) 



(15) 



(16) 



and £ is the cosine of the angle between P m and qi: 



_ zPp + IpaHv/1 - zIVT^cos^n - <j>) 

£ ipml <■ ' 

and where <fi is the azimuthal angle of the final meson. 
Then the phase volume is given by 



d$ n (P m , qi ,q 2 )-- 



1 



\q\ 2 dzd(f) 



= •(18) 



4(2tt)6 \q\pm _ \P m \^ml + \q\ 2 ' 

All variables now depend only on the relative angle 
<pN — 4>- In the evaluation of the cross section ((3]), one 
integration can be performed trivially and eq. ([3]) can be 
rewritten in the form 



da lD = J d\p N \ |pat| 2 / 2 (IPjv| 



dzj^dcj)^ 



4?r 



|^4( s tot: z cms)h 



\q\ 2 dz 



32tt {k lPN ) \q\pm _ |pm|^ m 2 + | q |: 



(19) 



where 



zp™ + IpjvJ yr^^vi^w^v) 



pn 



(p N + E 7 )m N + E 1 (p QN - p Nz ) 



V^ff 

m N (p zN +E^)- E 1 (p QN ~ p zN ) 



V^ff 



E 1 (20) 



and |q| is defined by cq. (fT5)) . 

At low energies, the phase volume given by ea. (fP8|) 
decreases for forward angles leading to a corresponding 
behavior of the cross section in the region where the S\\ 
wave is the dominant contribution. 



4 



A.V. Anisovich el al: Photoproduction 



of r\ meson off neutron 



3 Photoproduction of ^-mesons off deuterons 

3.1 // photoproduction off protons 



As a first step, we describe r\ photoproduction off protons 
bound in a deuteron. This allows us to test the reliability 
of the folding procedure accounting for the Fermi motion. 
The total cross section and the angular distributions are 
presented in Figs[T] and for the case of the Paris wave 
function. The error bars on these figures represent statis- 
tical errors only. 

For the fits, we use alternatively the Paris wave func- 
tion |29 or a deuteron wave function obtained from a dis- 
persion N/D- method [30]. The fit uses no new parame- 
ters: all masses, widths, partial decay widths, and helicity 
amplitudes are determined by the data from 7p — > prj 
[3T] and the fits described in [26]. The % 2 was found to 
be 2396 for 380 points using the Paris wave function and 
2410 with the N / D-based wave function. The x 2 's are 
similar demonstrating that the extraction of cross section 
from deuteron data is insensitive to details of the deuteron 
wave function. This observation is confirmed when cross 
sections for 771 — ► nrj are extracted. Hence we show here 
only figures obtained by using the Paris wave function. 
The x 2 ' s are large; inspecting the differential cross sec- 
tions and the deviations between data and fit suggests 
that systematic errors in the extraction of the cross sec- 
tions may be responsible for a significant fraction of the 



do/d£2 [n-b/sr] 
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Fig. 1. The total cross section for 7p — > r/p from the deuteron 
target. The description of the data (solid line) is obtained from 
the solution on the free proton smeared with the Paris wave 
function. The dashed line is the S11, the dash-dotted line the 
P13, and the dotted line the D15 contribution. 




-0.5 0.5 -0.5 0.5 



Fig. 2. The differential cross section for 7P — » rjp from the 
deuteron target in the 1505-2340 MeV mass range. The solid 
curves represent a fit to free-proton data smeared with the 
Paris wave function. The dashed curves show the contribution 
of the 5*11 wave. 



3.2 The r) and it photoproduction off neutrons 



In the present analysis, the following data sets are added 
to our data base used in our fits: rj photoproduction off the 
neutron from the CB-ELSA experiment [19] , beam asym- 
metry for r\ [55] and it [S3] photoproduction off the neu- 
tron from the GRAAL experiment and it photoproduction 
off the neutron from the SAID database [32] . These data 
were fitted together with other photo- and pion-induced 
single and double photoproduction data as listed in the 
Introduction. All our fits produced a very similar \ 2 f° r 
the Paris and N / D-b&sed wave function. Hence we dis- 
cuss only the investigations which had been done using 
the Paris wave functions. 
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Fig. 3. The differential cross section for 7n — ► r/n off deuterons 
[19] . The PWA description is shown as solid line (solution 1), 
dashed line (solution 2) and dotted line (solution 3) . 
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Fig. 4. Beam asymmetry for 7n — > rjri for neutrons bound 
in a deuteron |22| . The PWA description is shown as solid line 
(solutions 1), dashed line (solution 2), and dotted line (solution 
3). 

The differential cross section for 777, — * nrj is shown in 
Fig. [21 the beam asymmetry in Fig. 2] The corresponding 
data for jn — > 7r°n are shown in Fig.[5]and[SJ The data are 
fitted using three different scenarios. In all cases, the most 
significant contributions came from the S±i, Pn, and Pi 3 
partial waves, with 5*11 providing the largest contribution. 
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Fig. 5. The differential cross section for 7n — » 7r°n using a 
deuteron target [32]. The PWA description is shown as solid 
line (solutions 1) , dashed line (solution 2), and dotted line 
(solution 3). 



These three partial waves, and for the waves P33 and 
D33 which are irrelevant here, were described using K- 
matrices. For the other less important waves, relativistic 
multi-channel Breit-Wigner amplitudes were used. For the 
important waves, the elastic scattering amplitudes from 
[33] were included in the fit using the same K-matrix as 
for the photoproduction data. 

In the first solution, the low-energy region is described 
mainly by the interference between N(1535)Sn and 
7V(1650)5n. In the second solution we enforce a large con- 
tribution from a standard iV(1710)Pii resonance. In the 
third solution, we test the possibility of a narrow (less 
than 10 MeV) state at about 1650 MeV. The resulting fit 
curves are also shown in Figs. EHH In Table Q] we give a 
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Fig. 6. Beam asymmetry for the reaction 7n —* 7r°n from 
the deuteron target [23]. The PWA description is shown as 
solid line (solutions 1), dashed line (solution 2), and dotted 
line (solution 3). 

breakdown of the % 2 contributions of the four data sets 
in the three scenarios. All three scenarios provide an ad- 
equate description of the dip-bump structure observed in 
the 7« — * nr) total cross section. 

A first analysis [38] of the preliminary CB-ELSA data 
[H] presented at NSTAR 2007 did not include t and it- 
exchanges due to the fact that in the low energy region 
these contributions are difficult to separate from other 
non-resonant terms. The present analysis is extended up 
to 2.1 GeV, first without contributions from t and u chan- 
nel exchanges and second with these contributions included. 
The fits with t and u exchanges result in a slightly better 
description of the high energy tail but qualitatively do not 
change the solutions in the region below 1.75 GeV. How- 
ever, both, the inclusion of t and u channel exchanges and 
the use of the final data decreased the helicity amplitudes. 
The new values reported here supersede those reported at 
NSTAR 2007. The contributions of high mass states are 
ambiguous and cannot be identified reliably. More data 
and further systematical investigations are needed. These 
uncertainties do not affect our conclusions concerning the 
low-mass region which is the prime issue of the study. 

Table 1. Single meson photoproduction off neutron data used 
in the partial wave analysis and x 2 for solutions 1 (interference 
in Sn wave), 2 (A(1710)Pn), and 3 (narrow Pn). 



Observable Adata 



iVda 



Rcf. 



Sol. 1 Sol. 2 Sol. 3 



u(7n - 
E( 7 n 
a(7n - 
E( 7 n 



raj) 
■ n»?) 



280 
88 

147 
28 



1.32 
1.75 
2.01 
1.02 



1.26 
1.85 
2.35 
1.07 



1.31 
1.79 
2.03 
0.90 



[19] 

M 
[32] 

23 



3.2.1 Parameterization of the Su wave 

Following our previous analyses [31] ,[21] the Su wave was 
parameterized as two pole, 5 channel K-matrix amplitude: 



K ab = 



2 



^ M 2 



fa b 



(21) 



» 



where a, b =pn, pi], KA, KS, An, and M a and g a ' are 
masses and coupling constants of the K-matrix poles. 

In [34] the non-resonant contributions were parame- 
terized as linear mass dependent functions. We also found 
that such mass dependence introduced for the 7^ — > irN 
and 7rA^ — > rjN and r/N — > rjN non-resonant terms im- 
proves notably the description of the pion induced and 
photoproduction reactions. However, in our parameteriza- 
tion we introduced in addition a factor which suppresses 
the divergency of the non-resonant terms at large energies. 
Thus 



/»6 = (/#+/£VS) 



(2) 



Sab 



Sab 



a,b = ttN, rjN (22) 



and s a b > 0. The non-resonant transitions between ttA^ — > 
KA, ttN — > KE and 7rA^ — > Aw channels also improve the 
combined description. However these terms can be param- 
eterized as constants. All other transitions contribute very 
little to the data description and were fixed to zero. 

The amplitude for the transition between K-matrix 
channels can be written as: 

A ab = K ac (I - ipK)-* . (23) 

The phase space p is a diagonal matrix p a t = S a b Pa with 

2|k fl | m 



Pa{s) 



2m% 



(24) 



for the two body final states. Here m a B is the mass and 
is the momentum (calculated in the c.m.s. of the reaction) 
of the baryon in the channel (a) (see [3S]). The parame- 
terization of the At: phase volume is given in details in 

The K-matrix parameters for the 7rAf and rjN channels 
are constrained from the fit of the elastic 7rA^ — > irN data 
(extracted by [33]) and the fit of the ir~p — » r\n differen- 
tial cross section [3B],[37]. The description of these data is 
shown in Figs. [7] and [5] 

The photoproduction amplitude is parameterized in 
the P-vector approach since the 7N couplings are weak 
and do not contribute to rescattering. The amplitude is 
then given by 



A a = P b (/ - ipk)^ . 

with P-vector parameterized as: 

(a) (a) 

E3 7 N 9b , 7 

— " + fb 



Pb 



Ml 



(25) 



(26) 



Here gj^j are 7^ couplings of the K-matrix poles and f 
are non-resonant production terms, parameterized in the 
fit as real constants. 
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Fig. 7. The description of the nN — » 7riV Sii amplitude ob- 
tained in the combined solution. The data are taken from en- 
ergy independent solution |33] . 
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Fig. 8. The description of the irp — > r\n differential cross sec- 
tion obtained in the combined solution. The data are taken 
from [36] (open circles) and [37] (full squares). 



3.2.2 Interference in the S\\ wave 

The first solution with a strong interference in the S\\ 
wave provides a very good description of the fitted data 
(see Table [T]). In particular the bump in the 1650 MeV 
region is well described. This solution gives the following 
helicity couplings for S\\ resonances calculated at the pole 
positions of the S\\ amplitude: 

5n(1535): A^ /2 = -0.080 ±0.020, 0=12° ±10° 
5x1(1650): A'l /2 = -0.060 ± 0.015 , = 40° ±25° (27) 

The bump in the region of 1650 MeV appears due to 
an interference between S , n(1535), Sii(1650) and a non- 
resonant background. In our combined solution of the sin- 
gle photoproduction data £111(1650) has the rather small 
( 15%) branching ratio into the r/N channel. Therefore an 
appreciable large coupling of this state to the 777 chan- 
nel is needed to describe the bump structure. Here we 
are in contradiction with the Giessen result [17) where the 
bump appears with decreasing of the 5*11(1650) 777 helicity 
coupling. The two 5*11 states have very close (apart from 
overall sign) couplings into jp and 777, channels. However 



12 
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°tot ^ 



CB-ELSA 




u 1500 1600 1700 1800 1900 2000 2100 

M(yn) [MeV] 

Fig. 9. The total cross section for the reaction 7n — > 7m from 
the deuteron target [19] • The PWA description from Solution 1 
(Paris wave function) is shown as the solid line. The dashed line 
is the S11 contribution, dash-dotted line is Pn contribution and 
dotted line is P13 contribution The grey (online: green) curves 
show the corresponding cross sections on the free neutron (no 
Fermi motion) 



there is an important correlation: the phase difference be- 
tween the couplings is fixed more precise than the absolute 
numbers. We found the phase difference 5 ± 5 degrees for 
the 773 channel and 28 ± 8 for the 771 channel. The bump 
structure in the 1650-1700MeV region becomes much less 
pronounced in the case of a smaller phase difference (see 
solutions discussed below). 

The K-matrix parameters of the Sn wave are rather 
firmly fixed from the fit of the elastic data and photo- 
production reactions off the proton. The only mandatory 
parameters to fit 777 reactions are two P-vector 777 pole 
couplings and five non-resonant production constants. The 
771 — > irn and 777 — > 7777 can be fixed directly from the com- 
bined analysis of the differential cross sections and beam 
asymmetry data from the neutron target. Fixing these pa- 
rameters to zero leads to a large deterioration of the com- 
bined description. 

Among other non-resonant contributions the most im- 
portant one is the direct production of the KA channel. 
It can notably influence the structure at 1650-1700 MeV 
which is situated in vicinity of the KA threshold. The KE 
production only slightly improves the description at high 
energies and A-n can be put to zero. 

To check the influence of the 777 — > KA and 777, — > K S 
direct production terms we performed the fit fixing these 
parameters to zero value. To reproduce the description of 
the 777 — > r\n data we increase the weight of this data set 
by a factor of 2. In this fit we could reproduce the un- 
polarized 7/77 cross section and beam asymmetries for 7r°77 
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12: 




M(yn) [MeV] 

Fig. 10. The total cross section for the reaction 7n — » rjn from 
the deuteron target [19] . The PWA description from Solution 2 
(Paris wave function) is shown as the solid line. The dashed line 
is the Sn contribution, dash-dotted line is Pn contribution and 
dotted line is P13 contribution The grey (online: green) curves 
show the corresponding cross sections on the free neutron (no 
Fermi motion) 

and 7/n. However the fit failed to reproduce the unpolar- 
ized 771 — > TT°n differential cross section: the x 2 changed 
from 2.11 to 2.71. The residue for the 5n(1535) state did 
not change within errors (|2"7| . The helicity coupling of 
the Sii(1650) is slightly bigger in this solution: ~ 0.090 
GeV~2 and the phase difference with the first pole cou- 
pling reached 120 degrees. 

A simplified parameterization provides a simplified pic- 
ture: the difference in phases of helicity couplings in the 7p 
and 7??, reactions is clearly seen. However it failed to de- 
scribe simultaneously all reactions. This is one of the main 
reasons why analyses of different sets of photoproduction 
data results in incompatible helicity couplings. 

The P\\ and P13 waves provide contributions of similar 
strengths to n-q. In the 1700 MeV region, the V(1710)Pn 
resonance is weak while N (1720)P\z makes a small con- 
tribution. The Pn wave becomes stronger at 1900 MeV. 

3.2.3 Enforcing 7V(1710)Pn contributions 

We have investigated other mechanisms for an explana- 
tion of the bump-like structure in the region 1670 MeV. 
To prevent a strong interference in the Sn wave we for- 
bid a direct photoproduction of the second K-matrix pole 
by setting its 771 coupling to zero. We still observed some 
small interference effect in the Sn wave on the free neu- 
tron but it is too small to describe the bump- like structure 
in the data (see dashed lines in Fig. [TOf . 



In some analyses, V(1710)Pn has a sizable coupling to 
Nr], the Review of Particle Properties calculates a branch- 
ing ratio Br(N (1710) -> V77) = (6.2± 1.0)%. Indeed, with 
suppressed interference in the S11 wave and absence of an 
exotic state, this is the only mechanism which can explain 
the data. The \ 2 of the fit is very similar to the solution 1. 

The contributions are depicted in Fig.[l0l The helicity 
couplings for the S11 resonances calculated as residues in 
the pole position are determined to 

5 U (1535): A; i /2 = -0.080 ± 0.020 , 0=10° ±10° 
S u (1650): A? /2 = -0.020 ± 0.015 , = 25° ±20° (28) 

This solution differs from the solution 1 by a different 
partial wave decomposition: it has a significant contribu- 
tion from Pn in the region around 1.7 GeV which comes 
from the V(1710)Pn resonance. The description of the 
total cross section for the Paris wave function is shown in 
Fig. [TUJ This analysis shows that there is a second possi- 
ble mechanism to describe the existing experimental data 
and the structure around 1.67 GeV in rj photoproduction. 

As before, the dominant contribution stems from the 
Sn wave but in the 1700 MeV region, the Pn wave pro- 
vides an appreciable contribution, too. In this solution, 
interference between V(1535)5n and AT(1650)5n makes 
a visible but small effect. 



°tot tub] 
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Fig. 11. The total cross section for the reaction 7n — > ryn 
from the deuteron target. The PWA description from Solution 
3 (Paris wave function) is shown as the black solid line and 
the contributions as the colored solid lines. The dashed curves 
show the corresponding cross sections on the free neutron (no 
Fermi motion) 
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3.2.4 Is there a narrow P\\ state? 

A narrow P\\ state in the region of 1670 MeV is discussed 
as a candidate for the pentaquark ;4l] and is one of the 
main motivations behind this analysis. In a third fit, we 
followed the procedure for the solution 2 but introduced a 
narrow state in the region 1670 MeV. Its mass optimized 
at 1670 ± 6 MeV. If its width was allowed to vary, the res- 
onance became broader and interfered with the standard 
V(1710)Pn resonance. The fits became unstable and a 
series of solutions were obtained in which a relatively nar- 
row state and the broader AT(1710)Pn interfered. Solu- 
tion 3, presented in the Fig. [Til shows the extreme where 
the broad iV(1710)Pn wave is absent. In this solution, 
the helicity coupling for the narrow P\\ state is equal to 
0.016 GeV -1 / 2 , assuming a r\p branching to be 50%. It is 
interesting to note that Azimov et al. [4"2"PT] derived a 
value 0.021 GeV" 1 / 2 using the GRAAL data on r\ photo- 
production off neutrons. 

For the two S\\ resonances the following helicity cou- 
plings are calculated: 

511(1535): A^ 2 = -0.076 ± 0.015 , = 25° ±10° 
511(1650): A™, 2 = -0.054 ± 0.015 , = 2O°±2O° (29) 



3.3 r\ photoproduction on the free proton 

Finally we consider the recent conjecture of Kuznetsov et 
al. [lOj that the beam asymmetry for r\ photoproduction 
on free protons may reveal a structure in the 1.69 GeV 
region. Here, we check the compatibility of this data with 
solution 1 (interference in S\\ wave) and/or with solution 
3 (narrow P\\). In addition to [10] we include also the beam 
asymmetry data for r\ photoproduction from GRAAL |43j . 
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Fig. 13. Beam asymmetry for the reaction 7p — > r/p [43]. The 
PWA description is shown as solid line (solutions 1) and dotted 
line (solution 3). 

X 2 /N da ta = 1-90 (GRAAL data 03]). Although the solu- 
tion with a narrow Pn gives a better description of the 
new data [10] , the fit faces some problems. While all in- 
dividual pictures in Fig. 1131 exhibit a peak-like structures, 
they cannot be described consistently by one resonance 
with one unique mass position. Hence new high precision 
data on this reactions are urgently needed if this idea is 
to be pursued further. 



3.4 Helicity amplitudes 
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Fig. 12. Beam asymmetry for the reaction 7p — > rjp [TO]. The 
PWA description is shown as solid line (solutions 1) and dotted 
line (solution 3). 

The data on 7p — * p-q and fit are shown on Figs. [T2] 
and [13] The data are described by the solution 1 with 
X 2 /N data = 1.35 (new data [TO]) and X 2 /N data = 1.85 
(GRAAL data [13] )• Introducing a narrow Pu state (so- 
lution 3) results in a % 2 /Ndata = 0.95 (new data [TO]) and 



Main parameters for the two Su states are given in Table 
[5] Pole positions and photoproduction couplings off pro- 
tons are in good agreement with a previous analysis [24] . 
The main change was found in the imaginary part of the 
pole positions: the first pole of the S\\ amplitude became 
a bit narrower and the second pole a bit broader. Both 
resonances have a Flatte like structure, the first one due 
to the r]N threshold and the second one due to KA. In 
Table [H the position of the poles closest to the physical 
region are listed. The behavior of the Flatte amplitude is 
defined by an interplay of two poles on two sheets defined 
by the cut; small instabilities in pole positions are hence 
not surprising. 

The helicity couplings given in Table [2] are calculated 
as the residues at the pole position and have phases. For 
protons, our ^(1535)511 helicity amplitude coincides with 
the PDG estimate, for neutrons the two errors just cover 
the difference [44] . The discrepancy is due to the results re- 
ported in [2TJlli5] while most analyses [2TllirJll471l48] quote 
values which are fully compatible with our finding. 

For the ^(1650)511, we found stronger photon cou- 
plings than the average value given in [44] . with the dif- 
ferences being at the 2a level. We point out that our values 
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provide a consistent description of almost all existing data 
sets. Our 777 coupling is, for the first time, derived from 
77 photoproduction off neutrons (and constrained by ir° 
photoproduction off neutrons). 

The values in Table [2] are averaged using the first and 
third solution. In the solution proposing a large Pn(1710) 
contribution, the 777 coupling of the iV(1650)<Sii was found 
— 0.4 times smaller (see ([28])). 

We have not found other mechanisms to describe the 
bump structure in the region 1700 MeV. An explanation 
given in [49] as a possible contribution from Di5(1675) 
is ruled out by our analysis. The combined fit to the ir, 
77 photoproduction off free protons and the deuteron and 
the results from the elastic irN scattering fixes well the 
branching ratio to the r]N channel (which is < 6%) and 
helicity couplings. Although there is a rather large error 
for the 771 coupling of the _Dis(1675) resonance, we could 
only reach a contribution of 0.5 fib from this state to the 
777, — > 7777, total cross section which is far from the value 
needed for a good description of the data. 

Finally, we note that we do not use different helicity 
amplitudes for tt and r\ photoproduction. Discrepancies, as 
found in the literature for both S\\ resonances, between 
helicity amplitudes derived from different data cannot oc- 
cur. 

In the so-called "Single Quark Transition Model" , Burk- 
ert el al. [6] extracted amplitudes for electromagnetic tran- 
sitions from proton and neutron to excited states. The ex- 
trapolation to the photon point (read off their diagrams) 
are listed in Table [3] The agreement is excellent. 

Finally we also compare our photocouplings with model 
calculations 50, 51 , 52, 53 a . In all models, the signs are right 
and the magnitudes agree with the experimental values at 
the 30% level. On the basis of this data, no preference can 
be given to one particular model calculation. 



4 Conclusions 

We have presented an analysis of data on photoproduc- 
tion of 77 (and 7T ) mesons off neutrons. The analysis was 



Table 2. Masses and widths (in GeV) and helicity amplitudes 
of Sii(1535) and S u (1650). 







Sii(1535) 


511(1650) 


Pole position (mass) 
(width) 


1.505 ± 0.020 
0.145 ±0.025 


1.640 ±0.015 
0.165 ±0.015 




PDG 


1.510 ±0.020 
0.170 ±0.080 


1.655 ±0.015 
0.165 ±0.015 


A l/2 


(GeV" 1/2 ) 
PDG 


0.090 ± 0.025 
0.090 ± 0.030 


0.100 ±0.035 
0.053 ±0.016 




phase 


(20 ± 15)° 


(25 ± 20)° 


,n 


(GeV" 1/2 ) 
PDG 


-0.080 ± 0.020 
-0.046 ± 0.027 


-0.055 ±0.020 
-0.015 ±0.021 




phase 


(20 ±20)° 


(30 ± 25)° 



Table 3. Model predictions of Su (1535) and Sn (1650) helicity 
amplitudes for protons and neutrons (in 10 _3 GeV~ 1//2 ). 







This work 


i 


M 


m 


[52] 


[53] 


N 1535 


P 


90 ±25 


97 


±147 


±142 


±127 


±76 
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-80 ± 20 


-53 


-119 


-77 


-103 


-63 


Ai 650 


P 


100 ± 35 


90 


±88 


±78 


±91 


±54 
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-55 ± 20 


-32 


-35 


-47 


-41 


-35 



motivated by a bump structure at 1670 MeV observed in 
the total cross section for 777, — * nrj in several experiments. 
There is a hot discussion in the literature if the structure 
signals a resonance. Often, it is interpreted as evidence for 
a pentaquark with hidden strangeness. 

We find that the data can naturally be interpreted by 
interference within the Su wave. This is the most natural 
interpretation and does not require any ad-hoc assump- 
tion. Other interpretations can, however, not be ruled out. 
The A^(1650)5n may have a small coupling to 777. Then, 
the P\\ amplitude plays a more significant role. For an 
appropriate choice of parameters, a narrow Pu can be in- 
troduced and the data are well described. Hence the data 
do not support the need to introduce a narrow resonance 
but, for a suited set of parameters, the existence of a nar- 
row resonance is also not ruled out. Fluctuations in recent 
beam asymmetry data for jp — > prj may serve as an indi- 
cation for a narrow structure at 1670 MeV but fits without 
it provide a reasonable description of the data as well. 

A second aspect of the data is the determination of he- 
licity amplitudes. Our values are mostly consistent with 
those listed by the Particle Data Group. Comparison with 
model calculations show reasonable agreement but none of 
the models gives strikingly better results than the other 
models. Our values agree very well with a fit to electropro- 
duction data using the "Single Quark Transition Model" , 
Burkert el al. [6]. 
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